ABSTRACT. The phylogenic significance of the subdivision of dual olfactory system is reviewed mainly on the basis of our findings by electron microscopy and lectin histochemistry in the three amphibian species. The dual olfactory system is present in common in these species and consists of the projection from the olfactory epithelium (OE) to the main olfactory bulb (MOB) and that from the vomeronasal epithelium (VNE) to the accessory olfactory bulb (AOB). The phylogenic significance of subdivisions in the dual olfactory system in the amphibian must differently be interpreted. The subdivision of the MOB into its dorsal region (D-MOB) and ventral region (V-MOB) in Xenopus laevis must be attributed to the primitive features in their olfactory receptors. The middle cavity epithelium lining the middle cavity of this frog possesses both ciliated sensory cells and microvillous sensory cells, reminding the OE in fish. The subdivision of the AOB into the rostral (R-AOB) and caudal part (C-AOB) in Bufo japonicus formosus must be regarded as an advanced characteristic. The lack of subdivisions in both MOB and AOB in Cynops pyrrhogaster may reflect their phylogenic primitiveness. Since our lectin histochemistry to detect glycoconjugates expressed in the olfactory pathway reveals the subdivisions in the dual olfactory system in the amphibian, the glycoconjugates may deeply participate in the organization and function of olfactory pathways in phylogeny. KEY WORDS: amphibians, electron microscopy, lectin histochemistry, main olfactory system, vomeronasal system.
There are increasing data about the olfactory system in vertebrates. These data are minute, refined, and sometimes sophisticated and based mainly on molecular biology and/or genetic engineering. On the other hand, studies on the phylogeny of the olfactory system on the basis of morphology and comparative anatomy are rather neglected at present. However, we believe that the nature of the olfactory system must be elucidated from both molecular and morphological point of views closely connected with each other. In the present review, therefore, we dare to try to give our morphological data to examine the phylogeny of the olfactory system in amphibians. Because of the limitation of printed pages, our present review must be restricted to amphibians.
APPEARANCE OF THE DUAL OLFACTORY SYSTEM
Olfaction is one of special senses of vertebrates and appears earliest among special senses in phylogeny. In the fish, the primary olfactory system consists of the olfactory epithelium (OE) as the receptor and the olfactory bulb as the primary olfactory center, i.e., the OE lining the nasal sac projects axons to the olfactory bulb [4, 18, 31, 61, 72] . There are no morphological subdivisions in the fish olfactory system. In the amphibian, however, the receptor is subdivided into the OE and the vomeronasal epithelium (VNE), and the primary center into the main (MOB) and the accessory olfactory bulb (AOB). These subdivisions lead to the dual olfactory system, main olfactory and vomeronasal system [2, 13, 39] . The main olfactory system consists of the OE and the MOB, and the vomeronasal system the VNE and the AOB. In this context, the amphibians stand at a turning point in phylogeny to possess the single or dual olfactory system. In addition, the amphibian VNE is different from the vomeronasal organ in reptiles and mammals, because the former is merely a diverticulum of the nasal cavity lined with the VNE and does not take the form of tubular structure consisting of crescent-shaped lumen, respiratory epithelium and VNE as in the latter [3, 5-7, 11, 12, 16, 20, 22, 24-27, 40, 48, 51, 59, 63-67, 70] .
Amphibians are the first animals in phylogeny to live on land. They spend aquatic lives with gills at their larval stage, and metamorphose to acquire limbs and loose gills for their terrestrial lives in the adult. The appearance of the dual olfactory system may be derived from this change in their life style from aquatic to terrestrial during development. In taxonomy, living amphibians are divided into three orders, i.e., apodans, urodeles and anurans. Among them, apodans are rather retrogressive and lacking limbs, very small in number of species, and live in very restricted areas on earth [23] . Therefore, we adopt in this review urodeles and anurans as representatives of living amphibians. Since the urodeles and anurans show the very wide variety in their life style, we also adopt 3 representative species of amphibians to consider the phylogenetic aspects of amphibian olfactory system as follows: Cynops pyrrhogaster, Japanese newt, which belong to the urodele amphibian and spend their entire lives in water; Xenopus laevis, African clawed frog, which belong to the anuran amphibian and spend their entire lives in water; Bufo japonicus formosus, Japanese toad, which also belong to the anuran amphibian, but spend most of their lives on land in the adult. In this review, we describe the characteristics of the olfactory system in these amphibian species mainly by electron microscopy and lectin histochemistry to discuss the subdivisions of the nasal cavity and their projection patterns to the MOB and AOB with special reference to their phylogenetic development in the amphibian olfactory system.
OLFACTORY SYSTEM IN CYNOPS PYRRHOGASTER
The nasal cavity in Cynops pyrrhogaster consisted of a flattened single chamber, which is the main nasal chamber (MNC), and a lateral diverticulum, called the lateral nasal sinus (LNS) [43, 49] . The OE lines the MNC, and the VNE lines the LNS (Fig. 1) . In the MNC, the OE was divided into several grooves by ridges of non-sensory epithelia. Such grooves were not observed in the LNS. The OE and the VNE represented the pseudostratified epithelium as shown in the other vertebrate species [33, 35, 44, 60, 68, 69] . The OE consisted of ciliated olfactory cells, microvillous supporting cells and basal cells as in mammals. The VNE consisted of microvillous sensory cells, ciliated supporting cells and basal cells. It is characteristic that the supporting cells of the VNE are ciliated, because those in mammals are microvillous [36-38, 52-55, 57, 58] .
By the histochemistry using biotinylated lectins (Table  1) , differential staining patterns were observed in the OE and the VNE as shown in Fig. 2 and Table 2 . Several lectins such as WGA, ECL, Con A and LCA showed the similar staining patterns for the OE and the VNE. DBA showed the significantly different stainings in the free border and the supporting cells for the OE and VNE. SBA showed different stainings in the receptor neurons for the OE and the VNE. These lectin staining patterns in the OE and the VNE are parallel to those in the MOB and AOB, where SBA and Jacalin showed moderate to intense stainings only in the AOB. These findings suggest the presence of dual olfactory pathways, from the OE to the MOB and from the VNE to the AOB, by the expression patterns of glycoconjugates in this newt.
As the neotenic urodele amphibians maintain the external gills, mature sexually in their larval forms, and spend their entire lives in water, they are most similar to the fish among living tetrapod species. In this context, Franceschini et al. examined the olfactory bulb in neotenic Ambystoma mexicanum with a lectin SBA and found neither differences in the staining pattern between MOB and AOB [10] . They supposed that the olfactory bulb of Ambystoma mexicanum was so primitive that the expression of glycoconjugates was very poor and showed no differences between MOB and AOB. On the other hand, our lectin histochemistry revealed the differential staining between MOB and AOB in this newt. This difference resulted simply from the number of lectins used for the study. As the urodele amphibian first acquired the dual olfactory system in phylogeny, the differential staining pattern of lectins in the dual olfactory system suggests the profound participation of glycoconjugates for the organization of olfactory pathways in phylogeny.
OLFACTORY SYSTEM IN XENOPUS LAEVIS
The nasal cavity in Xenopus laevis consisted of three chambers communicating with each other, i.e., principal, middle and inferior chambers [50] (Fig.3 ). These three chambers possessed different types of sensory epithelia separated from one another by a non-sensory respiratory epithelium. The principal chamber was lined with the OE, the middle chamber the middle chamber epithelium (MCE) [9, 17, 50] , and the inferior chamber the VNE. The MCE is characteristic of Xenopus laevis as the sensory epithelium. Ultrastructurally, the sensory cells of the OE were covered with cilia; those of the VNE with microvilli; whereas some of sensory cells of the MCE were covered with cilia, and the other with microvilli [38] . The supporting cells of the VNE were covered with cilia as in Cynops pyrrhogaster. According to the anterograde labeling with a fluorescent dye, Di-I, the sensory cells projected their axons from the OE to the dorsal region of the MOB (D-MOB), from the MCE to the ventral part of the MOB (V-MOB), and from the VNE to the AOB [41] . These findings suggest the presence of 3 distinctive olfactory pathways, i.e., OE to D-MOB (dorsal pathway), MCE to V-MOB (ventral pathway) and VNE to AOB (vomeronasal pathway). By the histochemistry using biotinylated lectins (Table  1) , differential staining patterns were observed in the subdivisions of the primary olfactory center in Xenopus laevis [41] (Table 3) . Lectins LEL and STL stained the D-MOB intensely and the V-MOB moderately, but did not stain the AOB (Fig. 4A ). PNA and ECL stained the D-MOB and V-MOB moderately, but did not stain the AOB. PHA-E stained the D-MOB specifically, but its staining intensity was only faint. On the other hand, s-WGA, DBA, SBA, BSL-I, VVA (Fig. 4B) , SJA and PHA-L stained the V-MOB intensely, the AOB moderately but the D-MOB only weakly or faintly. RCA-I and UEA-I uniformly stained the D-MOB, V-MOB and AOB moderately and weakly. These lectin staining patterns in the D-MOB, V-MOB and AOB are parallel to those in the OE, MCE and VNE.
These findings suggest that glycoconjugates expressed either in the D-MOB or AOB are also expressed in the V-MOB. The abundant expression of glycoconjugates in the V-MOB may be resulted from the difference in the mode of embryonic origin of the ventral pathway from the other two pathways. At early embryonic stages, Xenopus tadpoles possess only a single nasal chamber [34] . Neuroepithelium lining this chamber is considered to correspond to the MCE in the adult, and the OE and VNE are later derived from the MCE during metamorphic development [29, 34] . These embryonic observations strongly suggest the dominance of ventral pathway during development of the olfactory pathways. Therefore, it is possible that glycoconjugates coexpressed in both the dorsal and ventral pathways are essential for the formation and maintenance of the dorsal pathway, and those co-expressed in both the ventral and vomeronasal pathways are essential for the vomeronasal pathway.
OLFACTORY SYSTEM IN BUFO JAPONICUS FORMO-SUS
The nasal cavity in Bufo japonicus formosus also consisted of three chambers communicating with each other, i.e., principal, middle and inferior chambers (Fig. 5) , as in Xenopus laevis, but the middle chamber was devoid of the MCE and covered with a non-sensory respiratory epithelium [42] . Therefore, there were only two olfactory pathways, OE to MOB (main pathway) and VNE to AOB (vomeronasal pathway) in this toad. Ultrastructural features of the OE and the VNE were in common with those in Cynops pyrrhogaster and Xenopus laevis.
By the histochemistry using biotinylated lectins (Table  1) , differential staining patterns were observed between MOB and AOB in Bufo japonicus formosus (Table 4) [42] . Among 21 lectins used, 13 lectins stained the MOB uniformly. On the other hand, LEL, STL, DBA and SBA stained the rostral part of the AOB (R-AOB) more intensely than the caudal part of the AOB (C-AOB) (Fig. 6A) , and PHA-L stained the C-AOB more intensely than the R-AOB (Fig. 6B) . The other 8 lectins stained the R-AOB and C-AOB uniformly. These lectin staining patterns in the MOB and the AOB are parallel to those in the OE and VNE. These findings suggest the subdivisions of the vomeronasal pathway in Bufo japonicus formosus. Subdivisions of the anuran main olfactory system were only reported in Xenopus laevis [41] and Pipa pipa [28] . Meyer et al. examined the olfactory bulb of 8 anuran species by lectin-histochemistry and found no subdivisions in the MOB [30] . In this context, Bufo japonicus formosus belong to the anuran group lacking subdivisions in the MOB.
On the other hand, the AOB was subdivided into R-AOB and C-AOB by our lectin-histochemistry [42] . This is the first report on the presence of subdivisions in the anuran AOB, although such subdivisions were already reported in mammals such as rabbits [19] , rats [45, 46] , mice [8, 62, 71] , hamsters [32, 56] and opossums [15, 21, 47] . In these mammalian species, the R-AOB receives the projection from the sensory cells in the superficial layer of the VNE, and the C-AOB from those in the deep layer of the VNE [62, 71] . In addition, different Gα subtypes of G-protein were expressed The nose of Xenopus consists of three communicating cavities. Each cavity has an independent neuroepithelium. The olfactory epithelium (OE) is encompassed by the medial chamber of the main cavity, which extends from the external nares to the internal nares. The vomeronasal organ (VNO) lines most of the inferior cavity. The lateral chamber of the main cavity is observed in front of the external nares and covers the middle chamber epithelium (MCE). Bar=1 mm. (Cited from Suzuki et al., 1999 [50] , partly modified.) Table 3 . Lectin staining patterns in the Xenopus laevis olfactory system
AOL-GL, glomeruli in the accessory olfactory bulb; D-GL, glomeruli in dorsal region of the main olfactory bulb; D-ON, dorsal part of olfactory nerve; V-GL, glomeruli in ventral region of the main olfactory bulb; VN, vomeronasal nerve; V-ON, ventral part of olfactory nerve.
-, negative staining; ±, faint staining; +, weak staining; ++, moderate staining; +++, intense staining. Cited from Saito and Taniguchi, 2000 [41] .
in the sensory cells between the superficial and deep layer of the VNE [1, 14] . As G-protein binds to receptor molecules of the vomeronasal sensory cells to take part in the intracellular transduction of signals, these findings suggest the difference in the expression of receptor molecules on the sensory cells between the superficial and deep layer of the VNE. In Bufo japonicus formosus, however, there is no report on the expression of G-protein in the VNE, or different projection patterns from VNE to AOB. Significance of subdivision of the AOB into R-AOB and C-AOB still remains obscure in this species.
DISCUSSION AND CONCLUSION
The primary olfactory system consists of the OE and the olfactory bulb in the fish. Ultrastructurally, the OE is primitive in the fish and possesses both ciliated and microvillous sensory cells [4, 18, 31, 61, 72] . After the appearance of the VNE, however, ciliated sensory cells are gathered to the OE, and microvillous sensory cells to the VNE in the primary olfactory system of the higher vertebrates [2] . The appearance of the VNE seems to lead to the subdivision of the olfactory bulb into MOB and AOB. Therefore, the subdivision of the olfactory receptor into OE and VNE may induce the subdivision of its primary center into MOB and AOB in phylogeny. This dual olfactory system first appears in the amphibian and is maintained through phylogeny to the mammal except birds lacking the VNE.
In this review, we tried to describe the characteristics of the dual olfactory system according mainly to the binding patterns of lectins and fine structure in three amphibian species to consider the phylogenic significance of the subdivisions in the dual olfactory system in the amphibian. As the results, the subdivision of the MOB into D-MOB and V-MOB was found in Xenopus laevis, and that of the AOB into R-AOB and C-AOB was found in Bufo japonicus formosus, whereas no such subdivision was found in Cynops pyrrhogaster. In addition, the subdivision of the olfactory receptor into OE, MCE and VNE was found only in Xenopus laevis. In our best knowledge, the MCE is characteristic of this frog as the olfactory receptor without any other reports on such neuroepithelium in the vertebrates higher than the amphibian. Since the MCE possesses both ciliated and microvillous sensory cells [38] as in the primitive OE in fish, it seems to be appropriate to consider that the MCE is the residue of the primitive OE found in fish. The embryonic observations that both OE and VNE are derived from the MCE during metamorphic development [29, 34] would strongly support our speculation. And if this is true, the subdivision of the MOB into D-MOB and V-MOB is not an advanced characteristic in the Xenopus olfactory system, because the V-MOB is the primary center of the primitive olfactory receptor, while the MCE is degenerated in higher vertebrates.
In contrast, the subdivision of the AOB into R-AOB and C-AOB in Bufo japonicus formosus must be regarded as an advanced characteristic, because such subdivision is still maintained in various mammalian species [8, 15, 19, 21, 32, 45-47, 56, 62, 71] . The lack of subdivision in the Xenopus AOB may reflect the difference in the degree of adaptation to the terrestrial life in the adult between Xenopus and Bufo. In addition, the lack of subdivision of the MOB in Bufo may also be regarded as an advanced characteristic, because the V-MOB in Xenopus is developed to receive projections from a kind of primitive OE, the MCE, which must disappear in the course of phylogenic development.
The lack of subdivisions in both MOB and AOB in a urodele amphibian, Cynops pyrrhogaster, must differently be interpreted. In general, the urodele amphibians are regarded as retrogressive forms of the amphibian to possess various degenerative or primitive features [2] . Therefore, Cynops may loose several kinds of glycoconjugates expressed in the primary olfactory system in the course of phylogenic degeneration to result in the lack of subdivisions in both MOB and AOB, although they maintain the dual olfactory system to prove themselves more advanced than the fish.
In conclusion, the phylogenic significance of subdivisions in the dual olfactory system in the amphibian must be differently interpreted according to the species described in this review. The subdivision of the MOB into D-MOB and V-MOB in Xenopus laevis may not be an advanced characteristic but be attributed to the remaining of a kind of primitive OE, the MCE. The subdivision of the AOB into R-AOB and C-AOB in Bufo japonicus formosus must be regarded as an advanced characteristic, because such subdivision is still maintained in various mammalian species. The lack of subdivisions in both MOB and AOB in a urodele amphibian, Cynops pyrrhogaster, may reflect their phylogenic degeneration to loose several kinds of glycoconjugates expressed in the olfactory pathway. Since our lectin histochemistry to detect glycoconjugates expressed in the olfactory pathway reveals the subdivisions in the dual olfactory system in the amphibian, the glycoconjugates may deeply participate in the organization and function of olfactory pathways in phylogeny. 
